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The purpose of this study was twofold: 
1. To develop a reliable regression model to estimate actual coniferous 
forest productivity from Landsat satellite Thematic Mapper data and 
additional terrain variables (slope, aspect, elevation and soil type) 
obtained from a Geographic Information System (GIS). 
2. To create a forest productivity map in a form of a digital map and to 
incorporate it as a new layer in the existing GIS system of the 
University of Montana, School of Forestry. 
The study area was the 10,927 Ha Lubrecht Experimental Forest of 
the University of Montana, a typical coniferous forest of western 
Montana. From 52 permanent growth plots distributed all over the 
forest, growth measurements recorded every 5 years were utilized to 
estimate tree growth rates. Species specific equations were used to 
calculate mean annual productivity in cubic meters per hectare per year. 
These data were merged with data extracted from a high resolution 
(30mX30m) Thematic Mapper image that was geometrically corrected and 
geo-referenced. The remotely sensed data were also radiometrically 
corrected for haze and normalized to account for illumination 
differences due to topography. Band reflectance values were correlated 
with forest productivity estimates. Slope, aspect elevation and soil 
types for these 52 plots, obtained from the GIS were also utilized. A 
multiple linear regression model with an adjusted K = 0.410, was 
developed through multivariate regression analysis for the prediction of 
productivity. The independent variables for the model were elevation, 
normalized bands 1 and 2, and a vegetation index based on bands 2 and 3. 
Through the use of pixel algebra, forest productivity estimates 
were generated for the whole forest and a thematic map of it was 
created, displaying productivity in productivity classes. 
ACKNOWLEDGEMENTS 
First, I wish to acknowledge the sources of funding for 
this study: the Mclntire-Stennis Forestry Research Program, 
the INGY program and the Mission-Oriented Research Program. 
I also would like to express my gratitude and deep 
appreciation to all that helped me during the course of this 
study. 
My major professor Dr Hans Zuuring has been the best 
teacher I could have asked for. His friendship, enthusiasm, 
support and stimulating discussions, gave me the courage and 
energy to accomplish this study. I am really grateful for 
all he offered me. 
My other committee members: Dr Earl Willard and Dr 
Darshan Kang who offered valuable contribution and comments 
also deserve my special thanks. 
I am also thankful to Dr Steven Running for making the 
ERDAS image processing system available, as well as to Lars 
Pierce, Kenneth Wall and Michael Sweet whose help and 
technical assistance was always available when I was in 
need. 
The initial stimulation on this subject came from a 
special friend Dr. Ramakrishna Nemani, whose influence 
shifted my career. He deserves a special thanks for it. 
In addition to those that contributed with knowledge 
and technical support, there are people that deserve sincere 
appreciation for their emotional support. 
iii 
My gratitude also goes to John and Eva Koutelieris who 
incorporated me and my husband as part of their family and 
provided us with a warm Greek home, away from home. 
My beloved parents, Kleopatra and Dimitrios Manasis, my 
Mother-in-Law Artemis Xanthopoulou and my aunt Anastasia 
Voutsa who were always supportive in every possible way, 
deserve my deep gratitude. 
Finally, there are no words to express my thanks to my 
exceptional husband Gabriel whose unlimited love, help, 
devotion and support was so essential to me through out all 
these stressful years. 
TABLE OF CONTENTS 
Page 
ABSTRACT ii 
ACKNOWLEDGEMENTS iii 
TABLE OF CONTENTS v 
LIST OF TABLES vii 
LIST OF FIGURES viii 
INTRODUCTION 1 
OBJECTIVES 3 
LITERATURE REVIEW 4 
Forest productivity 4 
Forest productivity estimation with remotely 
sensed data 7 
METHODS 11 
General 11 
Study area 11 
Ground data 13 
Vegetation information 13 
Landscape information 16 
Satellite remotely sensed data 18 
Preprocessing 19 
Geometric correction 19 
Radiometric correction 22 
Correction for atmospheric scattering 22 
Corection for topographic effects 24 
Processing 30 
v 
Page 
ANALYSIS 31 
RESULTS AND DISCUSSION 40 
FOREST PRODUCTIVITY MAP CREATION 54 
CONCLUSION 56 
LITERATURE CITED 58 
APPENDIX I 63 
APPENDIX II 71 
APPENDIX III 78 
vi 
LIST OF TABLES 
Table Page 
1. Basic soil categories of Lubrecht Experimental 
Forest 13 
2. Coefficients for Cubic Volume estimation, 
including top and stump, for trees up to 80 years 
old 14 
3. Minimum reflectance values (DN) in selected TM 
bands for the small lake in Jones meadow 24 
4. All possible band ratios, their Optimum Index 
Factors as well as correlation coefficients between 
these band ratios and productivity 37 
5. Productivity and biomass correlations before and 
after topographic correction 40 
In Appendix I 
1. Total plot volume and annual plot increment for 
all plots 64 
2. Soil series and corresponding Douglas-fir site 
index for all plots 67 
3. Basal area and Crown Competition Factor for all 
plots 69 
In Appendix II 
1. Coefficients for computing the contribution of each 
tree to the stand estimate of Crown Competition 
factor from tree diameter (DBH) 77 
vi i 
LIST OF FIGURES 
Figure Page 
1. Generalized relationship showing how components of 
ecosystem metabolism might change over the course 
of development of a forest from establishment to 
maturity. (From Waring and Schlesinger 1985) 4 
2. Plot of biomass with band 4 reflectivity values for 
plots with Crown Competition Factor higher than 
100 43 
3. Plot of standardized residuals against predicted 
productivity 46 
4. Plot of leverage against productivity 47 
5. Plot of productivity against VI32 50 
In Appendix II 
1. Solar Altitude and Azimuth. From Table 170, 
Smithsonian Meteorological Tables (List 1951) 72 
2. Pascal program calculating Crown Competition 
Factor 75 
3. Visible Near-Infrared reflectance Spectra of Green 
leaf (front) and Bark from California Black Oak 
(Quercus Kellogii). Adapted from Elvidge (1987). .. 76 
In Appendix III 
1. Forest productivity map for Lubrecht Experimental 
Forest 79 
viii 
2. Forest productivity map for Lubrecht Experimental 
Forest, using 3X3 pixel filtering for noise 
removal 80 
ix 
INTRODUCTION 
Present and future productivity of forest stands is one 
of the primary concerns of the forest manager. Since forest 
productivity varies spatially, productivity maps are very 
important documents. Forest managers use them to optimize 
harvest scheduling, perform financial analyses and select 
appropriate silvicultural practices. The same maps are 
useful in wildlife, fire, and watershed management. 
Productivity maps are specific-purpose maps, often 
referred to as thematic maps, because they contain 
information about a single subject or theme. In order to 
make thematic maps easier to understand and use, they are 
commonly drawn over a simplified topographic base (Burrough 
1987). Creation of a map using traditional mapping 
techniques is a very expensive and time-consuming procedure. 
Experienced cartographers are needed and endless hours of 
intense work are required to produce a single map, based on 
ground-acquired data or on a combination of aerial photos 
and ground data. Accuracy, detail and timely information 
are necessary properties of any map. Although a map update 
is really important, it can be prohibitively expensive if 
the map has to be redrawn by hand and especially when the 
level of detail is critical. The same problem arises when 
extraction of a single theme is required from a general 
purpose map. 
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Advances in satellite remote-sensing technology in the 
last decade, in combination with the availability of fast 
and relatively cheap computing power, have triggered the 
creation of Geographic Information System (GIS) software 
packages. These packages have the capability to store vast 
volumes of spatial data derived from a variety of sources, 
including satellite sensors which provide rapid and 
inexpensive data collection. With a GIS, managers can 
efficiently manipulate, spatially analyze and display these 
data according to user defined specifications in the form of 
maps (Marble and Peuquet 1983). 
Until now, maps existed only in the printed form, which 
were static, qualitative documents. A map was both the data 
base and the display of the data base. Also, the provided 
information, as for example in resource inventory, was a 
snapshot of the situation "seen" at a certain moment in time 
(Burrough 1987). 
Currently data extracted from satellite imagery are a 
valuable source of information in almost every application. 
For example, vegetation cover information is provided over 
wide areas; data acquition is rapid; data are timely; and 
data are obtained at much lower cost than these obtained 
from traditional ground surveys and aerial photographs. 
This technology has made it possible to monitor changes over 
time, including landscape changes, erosion, progress of 
forest fires, floods, and forest production. 
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Through a GIS, data from any source can be utilized to 
its maximum. All of these data stored in an internal data 
base can be accessed, transformed, spatially analyzed and 
interactively manipulated, resulting in production of a 
digital theme map. This map can be almost instantaneously 
transferred to a paper document. This automated mapping 
procedure results in inexpensive, fast, accurate, reliable 
and timely maps, and most important, these maps can be 
easily produced for very extensive and inaccessible areas 
through the help of satellite remote sensing technology. 
OBJECTIVES 
The objective of this study was to create a current 
classified forest productivity map for Lubrecht Experimental 
Forest using remotely sensed LANDSAT Thematic Mapper 
imagery, landscape and ground-acquired data, and taking 
advantage of the spatial analysis capabilities of a 
Geographic Information System. 
LITERATURE REVIEW 
Forest Productivity 
Incidented solar radiation in a forest is transformed 
by the green plants into organic compounds through a process 
called photosynthesis. The products of photosynthesis, as 
well as a small amount of secondary production by 
nonphotosynthetic organisms, is termed Gross Primary 
Production (GPP) (Waring and Schlesinger 1985). Part of GPP 
is consumed by plant respiration. Net Primary Production 
(NPP) in a forest is defined as the difference between 
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Figure 1. Generalized relationship showing how components of 
ecosystem metabolism might change over the course 
of development of a forest from establishment to 
maturity. (From Waring and Schlesinger 1985). 
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photosynthesis and plant respiration (Figure 1) and supports 
all living creatures in a forest, from large animals to 
microbes (Gates 1980, Waring and Schlesinger 1985). Thus, 
the net primary productivity of a forest includes all 
increments in the biomass of standing trees, in stems, 
leaves, reproductive organs and roots, as well as the amount 
of plant tissue that is consumed by animals or that becomes 
dead material over a fixed time, usually a year. Only the 
NPP is available for harvest by man or other organisms 
(Waring and Schlesinger 1985). 
Forest scientists are primarily concerned with the 
above-ground part of trees in an ecosystem. They need to 
know the growth potential - particularly the productivity of 
wood substance - of the forest communities that occupy a 
site. The estimation of forest productivity is of the 
utmost importance in both forest ecology and in 
silvicultural management. Forest productivity is generally 
expressed as the volume increment of bolewood in cubic 
meters per hectare per year. When the potential 
productivity of a site (site quality) is of interest, the 
estimation must be done over the normal rotation from long-
term permanent sample plot data as a gross mean annual 
increment. However, the yearly volume increment can vary 
significantly with the age of a stand. Figure 1 illustrates 
the changes in NPP with stand age. The yearly volume 
increment follows roughly these changes, although allocation 
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of photosynthate to various parts of plants can also vary 
with age and other factors such as competition (Waring and 
Schlesinger 1985). Current productivity of a stand can be 
estimated based on an observation interval of only a few 
years. It is especially useful when economic planning 
decisions depending on present stand condition are to be 
made (Spurr and Barnes 1980). 
The need for long-term records of stand development and 
growth makes actual measurement of forest productivity 
costly and impractical. As a result, forest scientists have 
developed a large number of site evaluation methods that 
allow indirect estimation of site quality. In general, site 
factors are treated as independent variables and some 
measure of forest growth as the dependent variable. 
Subsequently, the resulting site evaluation methods are 
based on one or more of the following alternatives (Spurr 
and Barnes 1980): 
I. Vegetation of the forest 
1. Trees (site index), 
2. Ground vegetation (indicator species and 
species groups) 
3. Overstory and understory vegetation in 
combination 
II. Factors of the physical environment 
1. Climate 
2. Soil and topography 
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III. Multiple factor or combined methods (using some or 
all of the factors above and forest land-use 
history). 
Most available methods appear to be valid and valuable 
for some purposes and under some conditions. However, 
numerous weaknesses, limitations and estimation difficulties 
are associated with each one as discussed by various authors 
(Jones 1969, Spurr and Barnes 1980). 
Forest Productivity Estimation With Remotely Sensed Data 
Forest scientists were among the first to recognize the 
value of data obtained from aerial platforms because the 
data were invaluable in estimating forest productivity 
without the need of expensive and time consuming ground 
surveys, especially for extensive and inaccessible forested 
areas. The first-used method employed aerial photos. 
Aerial photography offers foresters the capability of making 
direct biometric analyses of certain forest stand or 
individual tree characteristics. However, in computing 
timber inventories from aerial photographs, large errors can 
result due to difficulties in measuring tree heights 
(Maclean and Krabill 1986); photo interpretation results may 
also vary from one photointerpreter to another. 
The availability of Landsat and other satellite data 
since the early 1970s, in combination with fast and 
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relatively inexpensive computers, has triggered an 
impressive volume of research dealing with the analysis and 
interpretation of these data, in such forestry applications 
as cover type classification (Dean and Hoffer 1982, Franklin 
1986), canopy closure estimation (Butera 1986), forest 
biomass estimation (Goodenough et al. 1981), forest stand 
condition assessment (Williams and Nelson 1986), and insect 
and disease infestation recognition (Koch and Kritikos 1984, 
Mukai et al. 1987, Vogelmann and Rock 1988). Specifically, 
in indirect productivity estimation, Running et al. (1986) 
and Peterson et al. (1987) used Airborn Thematic Mapper data 
to examine the relationship between Leaf Area Index (LAI) of 
coniferous forests and the observed spectral values. A 
strong positive relationship was observed between LAI of 
closed canopy forest stands and the ratio of near-infrared 
to red spectral bands. 
The above mentioned studies, and many others, 
demonstrated that characterization and classification of 
vegetation, as well as recognition of various vegetation 
features, was possible with varying but acceptable accuracy 
from satellite remotely sensed data. Logically, other 
studies followed, aimed at direct forest productivity 
estimation based on the vegetation information that the 
satellite sensor data contain. Finally, landscape 
characterizing variables were used with the satellite data, 
resulting in significant improvements in productivity 
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estimation. 
Tom and Miller (1979,1980) used Multispectral Scanner 
(MSS) data to map forest site productivity in the coniferous 
forests of Colorado. They combined raw MSS data with MSS 
band ratios and photointerpreted vegetation types as well as 
additional landscape variables including elevation, slope, 
aspect and solar radiation. Thirty-seven field inventory 
plots were used and classified in ten site index classes. 
Using linear discriminant analysis techniques, an accuracy 
of 43% was initially achieved using only the four MSS bands. 
This accuracy finally increased to 97% by using a total of 
19 remotely sensed and landscape variables, clearly 
indicating the importance of the landscape data. 
Advances in sensor technology since 1980 presently 
allow a better characterization of forest conditions. The 
Thematic Mapper (TM) sensor is a highly advanced 
multispectral scanner incorporating a number of spectral, 
radiometric, and geometric design improvements relative to 
the previous generation of Landsat MSS sensors. Spectral 
improvements include the acquisition of data in seven bands 
instead of four, and new bands in the visible (blue), 
mid-infrared and thermal portions of the spectrum. Also, 6 
of the 7 TM bands are providing data at 30m X 30m 
resolution. Most important, the TM bands are more finely 
tuned for vegetation discrimination than the previous 
generation of MSS sensors (Lillesand and Kiefer 1987). 
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Cook et al. (1987a), utilizing the advantages of the 
new sensors, analyzed the relationship of Landsat Thematic 
Mapper data and field-collected measurements of forest 
productivity of the eastern deciduous forests of southern 
Illinois. Initially, productivity was correlated against 
all seven TM bands, band ratios, transformed vegetation 
indexes and certain site characteristics (aspect, slope, 
soil productivity), and sun radiance index. Models using 
both TM values and site characteristics yielded better 
predictions of forest productivity than when either set of 
independent variables was used alone. A three-variable 
model, based on the band ratios 7:4 and 2:1 and on soil 
productivity, achieved the best prediction of productivity 
with an R^ =0.39. 
In a later study of Cook et al. (1987b), additional 
data from a boreal/northern hardwood forest of central New 
York were incorporated and again were analyzed using 
multiple regression techniques. Results were very similar 
and the best model based on band ratio 5:4, band 3, soil 
•"> 
productivity and sun radiance index had an adjusted R = 
0.42. 
METHODS 
General 
Following the example of the studies mentioned earlier, 
a predictive regression model was developed. The dependent 
variable was forest productivity, expressed as volume 
increment of bolewood in cubic meters per hectare per year. 
A number of site characteristics that are known to affect 
productivity were coupled with satellite data and tried as 
possible predictors of productivity. Methods used to obtain 
ground data (vegetation and site related) and the 
corresponding remotely sensed data are described below. 
Study Area 
The study area is Lubrecht Experimental Forest (LEF), 
which is located in Western Montana, approximately 56 Km (35 
miles) northeast of Missoula. Its position in UTM 
coordinates is between 305500 to 325000 in the X direction 
and 5203000 to 5189000 in the Y direction. In general it is 
a mountainous area, 10927 Hectares (27,000 acres) in size, 
owned by the state of Montana and managed by the Forest and 
Conservation Experimental Station of the University of 
Montana (Steele 1964). 
The terrain of the forest has distinct topographic 
differences between its eastern and western part. It varies 
from deeply cut canyons and tributary gullies mainly in the 
11 
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southeastern part, to relatively subdued relief with broad 
slopes and ridges and a lack of well-defined stream channels 
in the western part. The elevation ranges from just below 
1,219 m at the western edge of Lubrecht and at Wallace Creek 
and Elk Creek which lie in the eastern part, to just over 
1,700 m above mean sea level along the eastern edge of the 
forest (Teuber 1983). 
Vegetation is considered to be typical of mid-elevation 
coniferous forests of west-central Montana. The forest area 
is well stocked with second-growth timber. Eight distinct 
timber types are present. Douglas-fir (Pseudotsuga 
menzies i i ) and western larch (Lar ix occ identalis) are found 
on north-facing slopes, while ponderosa pine (Pinus 
ponderosa) is found on south-facing slopes and well-drained 
bottomlands. Lodgepole pine (Pinus contorta) grows in 
dense, even-aged stands scattered throughout the forest. 
Engelmann spruce (Picea engelmani i) and subalpine fir (Abies 
lasiocarpa) are found in very small amounts along drainages 
and stream bottoms. In even smaller amounts and only in 
swampy areas there are Cottonwood (Populus trichocarpa) and 
quaking aspen (Populus tremuloides) (Steele 1964). 
The climate is characterized by wide fluctuations in 
temperature between winter and summer. Weather data 
recorded at the Lubrecht Forest weather station, at an 
elevation of 1,220 m, show that mean winter air temperature 
(December through February) is about -6° C (21° F) while mean 
\ 
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summer air temperature (June through August) is about 15°C 
(59° F). Annual precipitation is approximately 45.7 cm, 
with approximately 44% falling during the winter months 
(November through March) mostly as snow, and 24% percent 
falling during the summer (June through August) (Nimlos 
1987) . 
The soil types of Lubrecht can be categorized into four 
general groups (orders) (Nimlos 1987) as shown in table 1. 
Table 1. Basic soil categories of LEF 
Order Percentage of coverage 
Alfisols 9 
Entisols 2 
Inceptisols 86 
Mollisols 3 
Ground data 
Vegetation Information 
Direct measurement of productivity requires extensive 
tree measurements over a long period of time to obtain a 
reliable average volume increment per year for each unit 
area of forest. One hundred and two permanent research 
plots distributed all over LEF, most of them established by 
former University of Montana Professor W. Pierce in 1960, 
provided the necessary vegetation data. 
The size of the plots is 809.4 m2 (0.2 acre). 
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Measurements on all trees in each plot with a diameter at 
breast height (DBH) larger than 11.43 cm (4.5 inches) 
(measured to the nearest tenth of an inch) have been taken 
every 5 years since 1960. In addition to DBH, tree height 
was measured to the nearest foot. These measurements have 
been taken by students initially and later by Mission 
Oriented Research Program (MORP) personnel. DBH and tree 
height were utilized for the calculation of the volume of 
each individual tree in each plot using a volume equation 
developed by Champion Timberlands, Rocky Mountain 
Operations. The form of the volume equation is: 
V = 10a * DB*£ * HT c 
3 
where V is volume of bole wood in ft 
DBH is Diameter at Breast Height in inches 
HT is height in feet 
a, b, c are constants depending on tree species and 
age 
These constants (regression coefficients) are listed by 
species in table 2. 
Table 2. Coefficients for Cubic Volume including top and 
stump, for trees up to 80 years old. 
Spec ies a b c 
Ponderosa Pine -2 .35820 1. 87254 0 .89306 
Douglas fir -2 . 40258 1. 82212 0 .95883 
Western larch -2 . 39117 1. 95789 0 .86407 
Engelmann spruce -2 .64555 1. 64621 1 .21283 
Lodgepole Pine -2 . 53758 1. 87765 1 .03312 
True firs -2 .17303 1. 63621 0 .96148 
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Estimation of current productivity was accomplished by 
calculating tree volumes based on the 1970 and 1980 DBH and 
height measurements. A 10-year interval was preferred to 
reduce the effects of possible measurement inaccuracies and 
to smooth possible short-term productivity variations due to 
the effects of random climatic factors such as drought. The 
3 
tree volumes (converted to m ) were summed for the whole 
plot by species, for each of the two measurement years. 
Then the calculated total volume for 1970 was subtracted 
from the volume for 1980, and the result was divided by 10. 
This mean annual volume increment for the whole plot was 
then converted to a per hectare basis. The results are 
shown in table 1 (Appendix I). Estimates ranged from 0.614 
3 3 
to 6.551 m /Ha/year with a mean of 3.171 m /Ha/year. 
During these ten years there were trees that died and 
others that reached the minimum dimensions for inclusion as 
a "to-be-measured" plot tree. For those trees a number of 
assumptions had to be made: 
a. If a tree had no data for one or more of the latest 
measurement periods, it was considered dead and was 
dropped. 
b. If a tree had missing data for one or more measuring 
periods excluding the latest one, it would be considered 
as "forgotten" and in cases that the missing measurements 
were needed, they were replaced by the average of the 
previous and next existing measurements. Very few trees 
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fell into this category. 
c. If a tree was measured only after 1970, its volume 
calculated from the 1980 measurements was considered the 
growth for the last 10 years. Few trees fell into this 
category. 
Landscape Information 
The landscape information required included slope, 
aspect and elevation for each plot as well as soil type. 
The most efficient way to obtain such information (Burrough 
1987) was to extract it from the existing Geographic 
Information System for LEF. 
The GIS used by the School of Forestry is called PAHAP 
(PAMAP Graphics Ltd 1989). Using its capabilities, a large 
volume of data, previously available only in the form of 
maps and tables, has been stored in a compact and easily 
accessed computer data base. This data base consists of 
spatial data (data referenced to a known coordinate system) 
and non-spatial data (unrelated to position), as well as 
information about their spatial interrelations with each 
other. 
Extraction of spatial information from the GIS requires 
knowledge of the exact position of the point of interest. 
The coordinates of the research plots were not readily 
available because their placement on the existing Lubrecht 
map was only approximate. The problem was solved by using a 
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series of panchromatic (black and white) aerial photos of 
1:24000 scale, taken on 8/23/1952, covering all of LEF. 
These photos contained locations of the research plots, 
marked with pinholes at the time of plot establishment. 
They also had the sections and section corners marked on 
them. 
The photos were geo-referenced with PAMAP using the 
following procedure: a transparent grid was placed over an 
accurate UTM map of LEF. The UTM coordinates of the section 
corners marked on the photos were then estimated from the 
above grid. The PAMAP module "ANALYZER" was used to geo-
reference the photos using the estimated coordinates of the 
section corners. Then the exact UTM coordinates of the 
plots were extracted by querying the system for the position 
of the pinholes on the photos. 
The actual variables of interest (slope, aspect, 
elevation and soil type) for all plots were extracted from 
PAMAP using the "TOPOGRAPHER" module by querying the 
corresponding "surface cover". A "surface cover" in PAMAP 
is a raster layer with a z value (representing one feature 
such as elevation or slope) tied to a pair of x and y 
coordinates for each pixel (30m X 30m). The coordinates of 
each plot were keyed in while in the querying mode of PAMAP, 
and the system responded with the value of the variable for 
that plot. 
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Satellite Remotely Sensed Data 
Satellite remotely sensed data were obtained from a 
Landsat 5 overpass on July 18, 1984. They were available 
from another study (Nemani 1987). The existing scene is a 7 
band Thematic Mapper image with 30 X 30 m spatial resolution 
in bands 1, 2, 3, 4, 5 and 7, and 120 X 120 m in band 6. 
Extraction of meaningful information from a stream of 
satellite data requires appropriate processing of the data 
through a computer so that they can become easier to 
interpret (Jensen 1986). The techniques used for this 
purpose (as well as for manipulation of other forms of 
digital image data) is known collectively as digital image 
processing. Digital image processing requires powerful 
computers and computer programs. In this study an image 
processing system named ERDAS (ERDAS Inc. 1988) was used 
which runs on a Compaq 386/20 personal computer with two 
monitors: one for text and a second for image display. 
Using ERDAS's "SUBSET" module the image of LEF was extracted 
from the available 1/4 Landsat scene. 
Digital image processing of satellite remotely sensed 
data is usually done in two phases, preprocessing and 
processing, although various authors differ as to the image 
manipulations they include in each phase. 
Preprocess ing 
Image preprocessing is the initial processing of the 
raw data in order to correct geometric distortions, to 
calibrate the data radiometrically and to remove noise (if 
any) from the image due to failure of the sensors, and 
limitations during the digitization or data recording 
process. As a resuljb, the need for preprocessing is case 
specific, depending strongly on the sensors* characteristics 
and the quality of the acquired image (Schowengerdt 1983, 
Lillesand and Kiefer 1987). The resulting corrected image 
is reatly for visual interpretation and further manipulation 
and analysis. 
Geometric correction 
Raw digital images usually have such significant 
geometric distortions that they cannot be used as maps, nor 
be compared with maps or to each other. These distortions 
are due to the Earth, the satellite, the orbit and the image 
projection. The contribution of the Earth comes from its 
rotation, oblateness, and curvature. The satellite causes 
image distortion by its variation in velocity, attitude, and 
altitude. The projection of the earth's spherical surface 
on a flat image and the scan skew of the sensor are also 
responsible for significant geometric errors (Lillesand and 
Kiefer 1987, Nguyen and Ho 1988). The purpose of geometric 
correction is to compensate for the distortions introduced 
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by these factors, so that the image will have the properties 
of a map. When the image achieves the geometric integrity 
of a map, meaningful image-to-image comparisons can be made, 
as well as comparisons between images acquired at different 
times and by different sources. Also, in applications which 
require precise geographical positioning of ground 
characteristics such as cartographic mapping or analysis of 
certain features in specific locations, these images must be 
geometrically corrected in order to perform image-to-map 
registration (Nguyen and Ho 1988). The most widely used 
projection system in remote sensing is Universal Transverse 
Mercator (UTM). This involves projecting the earth surface 
on cylinders touching the earth along its meridians. This 
projection is well suited for Landsat imagery except in the 
polar regions where there is considerable distortion (Nguyen 
and Ho 1988) . 
The ERDAS "GEOMETRIC CORRECTION" module was used for 
geometric correction and registration of the Landsat image. 
Six distinct, clearly visible small ground features, well-
distributed across LEF, were located on the image. These 
points which were mainly crossroads and bends of the 
Blackfoot river were used as control points. A map of LEF 
with a transparent superimposed grid was used to estimate 
the UTM coordinates of these control points. By using the 
moving cursor, each control point was located on the 
displayed image and the equivalent coordinate was keyed in. 
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From a number of available geometric correction techniques, 
the nearest neighbor resampling technique was used because 
it offers the advantage of computational simplicity and does 
not alter the original input pixel values (Lillesand and 
Kiefer 1987). The resulting image was geometrically 
corrected and registered according to the UTM coordinate 
system. 
A test of the overall positioning methodology was 
performed using this procedure: Clearly identifiable points 
on the Lubrecht Forest air photos were chosen and their UTM 
coordinates were extracted using PAMAP as described earlier. 
Then, using the "CURSES" module of ERDAS, for each point the 
cursor was moved on the screen until the UTM coordinates of 
that point were matched on the text monitor with the 
coordinates extracted from PAMAP. In all cases the cursor 
at that moment was pointing on the correct point (river 
bend, road intersection) on the image displayed on the image 
monitor, indicating a registration accuracy within one 
pixel. This is the optimum expected with manual 
registration for carefully selected control points 
(Schowengerdt 1983). 
22 
Radiometric correction 
Correction for Atmospheric Scattering (Haze Removal) 
Solar radiation is basically unaffected as it travels 
through the vacuum of space. However, during the 
transmission through the earth's atmosphere it is 
selectively scattered and absorbed (Jensen, 1986). 
Atmospheric scattering is the result of multiple 
interactions between light rays and gases (such as oxygen, 
nitrogen and carbon dioxide) and particles of the atmosphere 
(such as smoke and dust) (Sabins 1987). Atmospheric 
scattering produces haze, which causes the atmosphere to 
have a radiance of its own and results in an image with low 
contrast. There are three types of scattering: Rayleigh, 
Mie and non selective, depending on the size of particles 
and gas molecules in the atmosphere that cause it (Lillesand 
and Kiefer 1987). Rayleigh scattering is the primary cause 
of haze in the image. The effect of Rayleigh scatter is 
inversely proportional to the fourth power of wavelength so 
it strongly influences the short wavelengths in the visible 
region (0.4-0.7 |lm) while the longwave region ( >0.7 jj.m) is 
practically free from scattering (Jensen, 1986, Lillesand 
and Kiefer 1987). 
Haze is an unwanted effect, creating problems during 
the image interpretation process. It causes the visible 
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bands to have falsely higher reflectance values, thus 
reducing the detection capability of the image. This 
problem can be eliminated by applying a correction 
technique. 
The correction technique is based on the fact that 
Thematic Mapper band 7 is essentially free from atmospheric 
effects. Upon examining an area in the image that is in 
deep shadow or a body of homogeneous deep nonturbid water, 
the resulting reflectance value in band 7 is either 0 or 1. 
A histogram of the reflectivity values in band 7 for this 
area starts from 0 or 1. On the contrary, a histogram of 
the reflectivity values in bands 1, 2 and 3 for the same 
area starts from much higher values as a result of haze. 
This offset, characteristic for each of the three bands, is 
subtracted from the initial reflectance values and the 
result is a haze-corrected image (Sabins 1987). 
The topography of LEF is such that there are no 
extremely steep canyons or such landscape anomalies that 
would result in areas with really deep shadows given the 
time of the day and the position of the sun at the time of 
the Landsat overpass. However, there is a small clear water 
lake in Jones meadow which had the reflectance values shown 
in table 3. The offset of 58 Digital Numbers (DNs) in Band 
1 is the effect of scattering in the wavelengths 
corresponding to that band. Band 2 had an offset of 18 DNs 
and band 3 of 15 DNs. These values had to be subtracted 
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respectively from the original reflectance values for bands 
1, 2 and 3 before the beginning of statistical analysis. 
Table 3. Minimum reflectance values (DN) in selected TM 
bands for the small lake in Jones meadow. 
Band minimum reflectance 
number value 
1 58 
2 18 
3 15 
5 2 
7 1 
Correction for Topographic Effects 
The topographic effect is indicated on Landsat images 
of rugged terrain by the visual impression of relief. It is 
caused by the variation in spectral radiance due to surface 
slope and aspect variations. The difference in radiance 
between a horizontal and sloping surface of the same cover 
type provides a measure of the topographic effect (Holben 
and Justice 1981). Holben and Justice (1979) also measured 
it and showed that the effect is most extreme in areas of 
rugged terrain and especially for slopes in the principal 
plane of the sun and at low solar elevations. 
Many studies have shown that topographic effect 
complicates greatly the correlation of stand characteristics 
with reflectance characteristics so they propose removal or 
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reduction of this unwanted effect before further data 
processing and especially before classification (Walsh 1987, 
Justice et al. 1981, Woodcock et al. 1980, Spanner et al. in 
press) . 
The most widely used correction technique is band 
ratioing. With this technique a new variable is created by 
dividing the radiance value in one channel by the 
corresponding radiance value in a second channel (Lillesand 
and Kiefer 1987, Holben and Justice 1981). The rationale 
behind this technique is that the spectral radiance received 
by the sensor is equal to a multiplicative term plus an 
additive term. The multiplicative term is direct irradiance 
which is the product of direct spectral irradiance impinging 
the target at time t, target reflectance at time t and 
atmospheric transmittance at time t, and as such it is 
quantitative information. The additive term is basically 
haze which is added to the multiplicative term (Holben and 
Justice 1981) . 
The fundamental assumption of band ratioing is that the 
undesirable effects in the data are multiplicative and that 
the additive factors influencing the data are small in 
magnitude so they can be ignored. Ratioing of two bands 
cancels out the common multiplicative terms, removing the 
undesirable effects (Woodcock 1982). 
The popularity of band ratioing is due to its 
simplicity and to the fact that it does not require any 
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additional data sources. On the other hand, this technique 
reduces the number of available image variables and often 
removes valuable information because it suppresses the 
difference in albedo; surfaces that have different albedos 
but similar slopes in their spectral curves may have the 
same ratio results. Holben and Justice (1981) showed that 
band ratioing reduces but does not entirely eliminate the 
topographic effect. They specifically showed that ratioing 
is not effective for reducing the topographic effect on 
shaded surfaces which are illuminated solely by scattered 
light. They concluded that the unexplained residual effects 
are related to scattering from surrounding terrain, path 
radiance, and the inappropriateness of the implicit 
assumption that the undesirable multiplicative effects in 
the data are independent of wavelength. 
Given the limited success of band ratioing, it was 
decided to develop a different technique for this study. 
This technique attempts a straight-forward calculation of 
the light that reaches an area on the ground. 
The angle of incidence i between the incident solar 
rays and the normal to the surface of the ground is given by 
(Gates 1980): 
cos(i) = cos(AZ) cos(AL) cos(AZ-ASPECT)+sin(SL) sin(AL) (1) 
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where AL = sun altitude at the time of the satellite 
overpass, 
AZ = sun azimuth at the time of the satellite 
overpass, 
SL = altitude angle of the normal to the surface of 
the ground, equal to 90° - slope of the ground, 
ASPECT = azimuth angle of the normal to the surface of 
the ground. 
Note: a. altitude of the sun is defined as the elevation of 
the sun above the horizon at a given time, 
b. azimuth of the sun is defined as the angle of the 
sun and the North measured in a clockwise 
direction. 
The Landsat satellite image which was used in this 
study was acquired on July 18, 1984. The approximate local 
mean solar time of the Landsat 5 overpass is 9:45 am (EOSAT 
1985, Lillesand and Kiefer 1987). Estimation of the 
corresponding true solar time for this date requires 
subtraction of 6 minutes (Gates 1980, p. 572). The 
resulting true solar time is 9:39 am. 
Estimation of AL and AZ require knowledge of the sun 
declination angle (List 1951, Table 170, p. 103). This 
angle is estimated as 21° 10' for July 18 (List 1951, Table 
189, p. 495). Using this value, the solar altitude for 
Lubrecht is AL=51° 5' at the true solar time of 9:39 am, and 
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the solar azimuth is AZ=119° 7'. These estimates are based 
on a latitude of 47u for Lubrecht. The figure used for 
these calculations, taken from List (1951), is included in 
Figure 1 in Appendix II. 
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The irradiation IRSLOPE (in W/m ) of any slope at the 
surface of the earth with an upward or downward-facing plane 
surface taking into consideration direct sunlight, diffuse 
skylight and reflected global shortwave radiation, is given 
by Gates (1980) : 
IRSLOPE = S0 T mcos(i) + 
S0 (0.271-0.294 T"1) COS2(3/2) sin(AL) + 
r SQ sin(AL) (0.271+0.706 Tm) sin2$/2) (2) 
where "3 = slope of the ground (equal to 90-SL), 
SQ = amount of sunlight incident at a point outside 
the earth's atmosphere also called the solar 
constant; it is approximately equal to 1353 W/mi 
r = approximate reflectance of the ground surface; a 
realistic average value is r=0.20 (Gates 1980), 
T = transmittance of solar radiation in the 
atmosphere; it is that fraction of the radiation 
incident at the top of the atmosphere which 
reaches the ground along the vertical (or zenith) 
path; a realistic value is T=0.60, 
m = ratio of the path length in the direction of the 
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sun to the path length in the vertical direction. 
It indicates how many times the slant path is 
longer than the vertical (or zenith) path. When 
the zenith angle z is less than 60° then 
m=l/sin(z) (Dozier and Strahler 1983). 
Using the above equation, the irradiation received 
(IRSLOPE) for all the plots was calculated. Also, the 
irradiation for a hypothetical absolutely horizontal surface 
(IRFLAT) was calculated using the same equation, which in 
this case was simplified to: 
IRFLAT = S0 (0.271+0.706 T m) sin(AL) (3) 
Then the ratio IRSLOPE/IRFLAT for all plots was estimated 
and was used as a measure of the overestimation or 
underestimation of the recorded reflectivity due to the 
topographic effects on the illumination of the plot. 
All bands, following haze correction, were divided by 
the IRSLOPE/IRFLAT ratio. The resultant values are the 
normalized bands, representing the values that these bands 
would have if there were no topographic variations and 
therefore no illumination differences. 
It should be noted that there was no attempt to correct 
for the problem of local horizons which becomes important 
only on rugged terrain (Dozier and Strahler 1983). Given 
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the quite high altitude of the sun at the time of the 
satellite overpass for this study and the not-so-rugged 
terrain of LEF, local horizons were not expected to be a 
problem. 
Process ing 
Geometric correction was followed by extraction of the 
reflectance values for the seven bands for each plot using 
ERDAS "CURSES" module. This process was done manually by 
locating on the image the pixel with the same coordinates as 
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the plot. The fact that plot size was 809.4 m , slightly 
smaller than the TM pixel size (30m X 30m = 900 m^ ), 
required that a 9-pixel area (a 3X3 block) on the image be 
considered as representative of the plot in order to 
compensate for registration errors and also to take into 
account cases where the plot was located on two or more 
pixels. The exact pixel at the plot coordinates was in most 
cases at the center of the 3X3 block. A few exceptions were 
made when pixels adjacent to this pixel had clearly 
different characteristics due to the influence of adjacent 
roads or water bodies. Once the 9-pixel block, 
corresponding to each plot, was delineated then the ERDAS 
"FIELDS" module was used for the extraction of the mean 
reflectance value and standard deviation for each of the 
seven bands. 
ANALYSIS 
From the original 102 established plots, only 52 were 
used for the development of the productivity model; the rest 
were excluded for one of the following four reasons: 
a. When the plots were established, their positions were 
pinholed on aerial photos. A number of them though were 
not marked and also one of the photos was missing. 
Without the aid of these photos the actual coordinates of 
the plots (as positioned on the existing Lubrecht map) 
were questionable. Given the need for very accurate 
positioning, these plots had to be omitted. 
b. Although measurements were supposed to be taken every 5 
years for all the plots, there were plots that had 
missing measurements. These were mainly plots that had 
had massive tree kills due to a pine beetle epidemic. 
c. Some of the plots were probably positioned inaccurately 
on the aerial photos. This fact was discovered when the 
extracted slope, elevation but mainly aspect values were 
compared with the ground estimates of the above 
variables. It was assumed that the ground estimates of 
slope (to the nearest 5%) and aspect (N, E, S, W) were 
accurate as stated. Plots that had a large difference 
between ground and computer-extracted values 
were considered as misplaced and were dropped. The 
criteria used for this judgement were based on the 
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magnitude of this difference as follows: 
1. GIS-extracted values for slope had a difference 
greater than 25% with ground measurements. 
2. GIS-extracted values for aspect differed more than 90 
degrees from ground estimates, while either GIS or 
ground slope measurement was over 10% . 
d. Finally, there was a plot that was adjacent to the 
Blackfoot river. This plot had reflectance values that 
were strongly influenced by the reflectivity of the water 
and also had to be dropped. 
Raw reflectance values for all 7 bands were stored in a 
data file. Corrections for radiometric and topographic 
effects were applied to this initial data set. 
The topographic variables mentioned earlier (slope, 
aspect, elevation and soil types) were also added to the 
data set. It is known that local topography described by 
slope, aspect and elevation affects local air and soil 
temperature, moisture and soil drainage (Spurr and Barnes 
1980). Various studies have shown that these site 
characteristics improve productivity estimation considerably 
(Tom and Miller 1979, Fox III 1985, Cook et al. 1987a, Cook 
et al. 1987b). 
The combination of aspect and slope is very critical to 
the amount of insolation received on a site. In general, 
the hottest and driest sites are the ones that receive 
intense sunlight during the middle of the summer day, when 
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the sun is at its highest elevation. In the Northern 
hemisphere, because the sun is to the south during the 
middle of the day, the south facing slopes receive more 
sunlight than any other slopes. This results in hot and dry 
S, SW and SE sites which, in the water-limited environment 
of Western Montana, restrict the length of the growing 
season considerably. 
In addition to the slope-aspect combination, elevation 
also influences the growth rate and length of the growing 
period of a site. Air temperature and precipitation vary 
with elevation. The higher the elevation, the heavier the 
rainfall and snowfall. In the Rockies, it is estimated that 
rainfall increases approximately 3 to 4mm per 100m rise in 
elevation (Spurr and Barnes 1980). Also, air temperature 
drops with elevation, resulting in higher relative humidity 
of the air as well as extended snowcover and longer periods 
of adequate soil water availability. 
Finally, soil is a very vital factor for plant growth. 
Its purpose is twofold. First, it creates a medium of 
support that holds the trees upright and in place and, 
second, it is the means of water and mineral/organic 
nutrients supply. Of all soil characteristics, soil texture 
(proportion of sand, silt and clay) is the most important in 
affecting site quality because it influences the chemical 
properties of the soil, soil moisture and air relations 
affecting root development. Soil properties, though, cannot 
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be isolated without considering the topographic position of 
the site, its slope and its aspect. Soil and topography are 
closely related to each other, because topography affects 
the depth, texture and structure of the soil surface and 
subsoil, which in turn influence the composition, 
development and finally the productivity of the forest 
(Spurr and Barnes 1980). 
For LEF a number of soil variables were available 
through the GIS. Most of them were simply descriptive 
variables such as soil series, parent material, texture, 
fragment description and common habitat types associated 
with each soil series. There were also two variables 
representing potential productivity which depended on soil 
series; one for rangelands and the other for woodlands. 
Woodlands' productivity was given as site index for Douglas-
fir and as a productivity rating (low / medium / high) 
according to the following rating scheme: 
site index rating 
40-46 low 
47-59 medium 
60+ high 
Douglas-fir site index was included in the data set 
because of its continuous numeric character and its obvious 
relationship with potential productivity. Table 2 (Appendix 
I) summarizes the soil series and the site-index associated 
with each plot. 
In addition to this basic data set, a number of 
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additional variables were created in an effort to extract as 
much information from the data as possible. Besides the 
individual bands, a number of band ratios were considered. 
Band ratios not only minimize differences in illumination 
due to topography, but also emphasize differences in the 
slopes of the spectral reflectance curves between the bands 
forming the ratio (Sabins, 1987, Lillesand and Kiefer 1987). 
These ratios uncover physical or chemical characteristics of 
the sensed area, not distinguishable by the use of any 
single band. For example, a TM4/TM3 ratioed image has 
proved very useful in many studies in discriminating between 
areas of healthy and stressed vegetation. This ratio has 
high values for healthy vegetation, but for stressed 
vegetation it is typically low. 
Deciding which two bands to ratio is not always a 
simple task (Jensen 1986). In this study two different 
approaches were tried for the selection of the appropriate 
bands. Initially, band ratios were formed that according to 
known physical properties of the remotely sensed vegetation 
would be expected to correlate better with biomass or with 
productivity. Such a ratio is the ratio of bands 4 and 3 
(B43), where high values indicate more green biomass or 
higher leaf area index (Peterson et al. 1987, Spanner et 
al., in press) . Also, from the work of Elvidge (1987), 
(see Figure 1 in Appendix II), it was deduced that high 
values of the ratio of bands 5 and 4 (B54) should represent 
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high amounts of bark in a plot. 
A second, more objective method, was also tried for the 
selection of appropriate bands. This method was developed 
by Chavez et al. (1982,1984) and is based on the concept of 
the optimum index factor (OIF). The formula used to compute 
the OIF is: 
where s^ = the standard deviation of reflectance values for 
rj = the absolute value of the correlation coefficient 
between the reflectance values of any two of the 
bands. 
The band combination with the largest OIF will 
generally have the most information (measured by variance) 
with the least amount of duplication (measured by 
correlation). All possible band combinations (for TM bands 
1 through 7, excluding 6), their OIF and their correlation 
coefficients with productivity are given in table 4. 
Based on the OIF results, band ratios B25, B14, B34, 
B47, B24 and B45 were initially chosen as additional 
independent variables for the prediction of forest 
product ivity. 
2 
OIF 
band k 
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In addition to simple band ratios, more complicated 
ratios called vegetation indices were also computed. The 
rationale behind vegetation indices is to reduce the seven 
TM band values down to a single number per pixel, for 
qualitatively and quantitatively assessing characteristics 
such as leaf area, biomass, or productivity (Perry and 
Lautenschlager 1984, Jensen 1986). 
Table 4. All possible band ratios, their Optimum Index 
Factors as well as correlation coefficients between 
these band ratios and productivity. 
Band ratio OIF Correlation 
B12 8.719 -0.049 
B13 10.835 -0.183 
B14 533.222 -0.170 
B15 19.899 -0.166 
B17 13.048 -0.145 
B23 8.802 -0.155 
B24 43.219 -0.220 
B25 16.866 -0.267 
B27 10.891 -0.204 
B34 279.885 -0.138 
B35 19.471 -0.102 
B37 12.861 -0.046 
B45 93.161 0.122 
B47 266.590 0.117 
B57 20.637 0.111 
The vegetation indices initially constructed were of the 
normalized difference type: 
VI4 3=(B4NORM-B3NORM)/(B4NORM+B3NORM) 
VI31=(B3N0RM-B1N0RM)/(B3N0RM+B1N0RM) 
VI32=(B3NORM-B2NORM)/(B3NORM+B2NORM) 
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where BlNORM = normalized band 1 
B2N0RM = normalized band 2 
B3N0RM = normalized band 3 
B4N0RM = normalized band 4 
VI43 is the most commonly used green biomass predictor (for 
example, Peterson et al. 1987, Spanner et al. 1989). 
Crown competition factor (CCF) was also calculated as 
an extra variable. Its calculation was based on the 
equations incorporated in the "PROGNOSIS" stand growth model 
(Wykoff et al. 1982). It was used to identify plots with 
complete crown cover. Such plots shouldn't have any 
influence from understory vegetation or litter and 
reflective soil background, so their reflectivity values 
would be representative of the biomass, vigor and moisture 
content of the overstory vegetation alone. The equations 
for calculating crown competition factor were of the form: 
PROB (aQ + a j DBH + a ^BH^") for DBH>=10 inches 
CCF = (5) 
PROB bQ DBHbl for DBH< 10 inches 
where CCF = the crown competition factor, which estimates 
the percentage of an acre that would be covered 
by the tree's crown if the tree were open grown. 
CCF=100 theoretically indicates that the tree 
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crowns will just touch each other in an 
unthinned, evenly-spaced stand. 
PROB = the number of trees per acre given by 
prob=l/(N*A) 
where N=number of sample plots in the stand 
A=area of sample plots in acres 
a Q/a j,a ?/b0/bj are species dependent constants 
listed in Table 1 (in Appendix II). 
A computer program was written in Turbo PASCAL to 
calculate the CCF for each plot and it is listed in Figure 2 
(in Appendix II). The resultant CCFs are given in Table 3 
(in Appendix I). 
All necessary mathematical manipulations as well as 
statistical analyses were performed with the statistical 
package SYSTAT (Wilkinson 1986). Multivariate regression 
analysis was used to derive the "best" productivity 
prediction model as determined by the following criteria. 
Resultant models were examined for the percentage of total 
variation in Y explained by the Xs which is depicted by the 
adjusted squared multiple correlation coefficient (R2 ), and 
the standard error of the estimate (SEE). In addition,the 
significance of each model (p-value) as well as the 
significance of the individual coefficients were taken into 
cons ideration. 
RESULTS AND DISCUSSION 
The calculation of plot productivity, as shown in Table 
1 in Appendix I, required calculation of standing tree 
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volume (m ) for each plot for 1970 and 1980. The estimate 
of tree volume for 1980 was converted to m /Ha, was named 
BIOMASS and was used as an indicator of standing tree woody 
biomass in each plot. Plot productivity and BIOMASS were 
correlated with haze-corrected TM band reflectance values, 
both before and after topographic correction. Table 5 lists 
various correlation coefficients which indicate the 
improvement in the degree of linear association between band 
reflectance values and productivity and biomass due to 
topographic correction. 
Table 5. Productivity and biomass correlations before and 
after topographic correction. 
P R 0 D U C T I V I T Y B I O  M A S S  
TM band before after be fore after 
correction correction correction correction 
1 -0.2204 -0.2331 -0.3933 -0.4157 
2 -0.2804 -0.3064 -0.4440 -0.5101 
3 -0.2021 -0.2070 -0.3812 -0.4162 
4 -0.2015 -0.2058 -0.2618 -0.3973 
5 -0.2566 -0.2760 -0.3091 -0.4055 
6 -0.1241 -0.0107 -0.1745 -0.2700 
7 -0.2382 -0.2425 -0.3381 -0.3929 
From the results presented in Table 5 it is obvious 
that there is a considerable difference between productivity 
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and BIOMASS correlations. In all seven TM bands the 
correlation between spectral values and productivity is 
lower than that between woody biomass and spectral values. 
Many studies have clearly shown a variable but always 
present relationship between the amount of ground vegetation 
(green biomass) and the spectral data received by the 
sensors (Cook et al. 1987, Peterson et al. 1987, Plummer 
1988, Spanner et al. in press). Standing tree green biomass 
depends loosely on the amount of standing tree woody 
biomass, although it has been shown that when expressed as 
leaf area it correlates much better to the sapwood cross-
sectional area of the trees (Waring and Schlesinger 1985). 
The loose relationship between green biomass, which is what 
is mostly sensed by the sensors, and standing tree woody 
biomass is partially responsible for the modest correlation 
values between BIOMASS and band values shown in Table 5. A 
further source of noise is the contribution of understory 
vegetation to the green biomass in each plot, which is not 
accounted for in the BIOMASS variable. 
Productivity is an even more complex phenomenon. Two 
forest stands that seemingly have the same green biomass may 
have different productivities, depending on their age, stand 
structure, site quality and understory composition. This 
fact makes productivity even more variable and is probably 
the reason for the lower correlation between productivity 
and spectral values shown in Table 5. 
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The correlation between TM band spectral values and 
productivity as well as TM band spectral values and biomass 
improved after the topographic correction. This improvement 
was modest because all plots were on relatively gentle 
slopes (mean slope was 17.034%) where the topographic 
correction is less pronounced than in rugged terrain (Holben 
and Justice 1981). It has also been shown that the 
topographic effect varies considerably with solar elevation, 
becoming more extreme at low solar elevations (Justice et 
al. 1981, Holben and Justice 1981). The image used in this 
study was captured in the middle of July when, given the 
timing of the Landsat overpass, the sun was at a high 
elevation. 
A negative relationship was evident between band 4 and 
biomass. Based on theoretical expectations, radiance 
measured in band 4 by the TM sensor should be positively 
related to coniferous forest biomass. The greater the 
existing biomass, the higher the reflectivity should be as 
recorded by the sensor in the near-infrared portion of the 
electromagnetic spectrum. This portion of the spectrum is 
measured by band 4 of the TM sensor. The above 
contradiction was further investigated. 
Canopy closure varied significantly in the LEF plots as 
indicated by the range of the calculated Crown Competition 
Factor (CCF) values: they ranged between 6.8 and 134.8 with 
a mean of 74.5 (Table 2, Appendix I). Several plots had big 
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Figure 2. Plot of biomass with band 4 reflectivity values 
for plots with Crown Competition Factor higher 
than 100. 
old trees with openings among them and an understory of 
broadleaf shrubs and/or grasses and litter in smaller 
quantities. Broadleaves have a higher reflectivity in band 
4 than conifers, so they create a very bright understory, 
which influences the overall radiance measured by the 
sensors. Figure 2 shows that the expected positive 
relationship between band 4 and biomass does exist for plots 
having CCFs equal to and greater than 100. The reflectivity 
of these plots is practically free from the influence of 
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understory vegetation. The correlation between band 4 and 
biomass is r = 0.407 when plot number 44 is excluded. This 
plot, at the upper left corner of Figure 2, doesn't follow 
the trend. It has the unique characteristic that it 
includes 34 broadleaf trees (Quacking Aspen) out of a total 
of 51 trees. This fact contributes to the assertion that 
the influence of a broadleaf understory leads to a negative 
relationship between band 4 and biomass. These results also 
closely agree with the observations of Spanner et al. (in 
press) who faced similar problems with the influence of the 
understory. 
Soils as characterized by DF site index proved to have 
2 
no correlation (adjusted R =0.00) with productivity. This 
may be due to a lack of information regarding soil depth, 
which is a critical factor for root development and water 
holding capacity, especially in a water-limited environment 
(Nimlos, 1989). Even a productive but very shallow soil on 
top of a rocky layer is not enough for trees to develop 
roots and to be able to maintain a sufficient amount of 
nutrients and water. Such a variable is costly to include 
in a GIS soil LAYER because a huge sample size would be 
required to capture soil depth variability on an area as 
large as Lubrecht forest. Also, soil maps have boundary 
errors that may distort the soil and forest productivity 
relationship, especially when dealing with a 30m X 30m pixel 
resolution. 
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As explained earlier, the independent variables were 
corrected band values, band ratios, vegetation indices, DF 
site index, aspect, slope and elevation. Stepwise multiple 
regression analysis was employed to select the best 
independent variable combination for the prediction of 
productivity. The model finally chosen was: 
PROD = 11.363 - 0.00643 * ELEV - 0.539 * B1NORM + 
0.437 * B2NORM + 14.809 * V132 (6) 
3 
where PROD = predicted productivity (in m /Ha) 
ELEV = elevation (in m) 
B1NORM = normalized band 1 
B2NORM = normalized band 2 
VI32 = normalized difference vegetation index 
(B3NORM-B2NORM)/(B3NORM+B2NORH) 
sample size N=52 
ad j R2 = 0 . 410, 
standard error of the estimate (SEE) = 1.116 
coefficient of variation about regression = 0.352, 
and the following standard errors associated with the 
regression coefficients : 
variable standard error p-value(2-tail) 
CONSTANT 1.91656 0.00000 
ELEV 0.00150 0.00009 
B1NORM 0.15672 0.00124 
B2NORM 0.21923 0.05173 
VI32 3.53326 0.00012 
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Figure 3 shows a plot of standardized residuals 
[(observed-predicted productivity values)/(standard 
deviation of the residuals)] plotted against predicted 
productivity. Plotted residuals clearly form a "cloud" 
without any pattern and without any increase or decrease in 
£ 
5.5 
PRED. PRODUCTIVITY Ccu.m»t«rs/Ha/year) 
Figure 3. Plot of standardized residuals against predicted 
productivity. 
the spread of the residuals. This indicates that the 
assumption of homogeneity of variance is completely met in 
this data set. 
Figure 4 is a graph of leverage plotted against 
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Figure 4. Plot of leverage against productivity. 
observed productivity. It shows that some plots may have 
an unusually large influence in the model. If the leverage 
for an observation is larger than 2*p/N where p is the 
number of estimated parameters including constant and N is 
the number of cases, this case may be suspicious (Wilkinson 
1986). In this case 2*p/N=2*5/52=0.192. As the graph 
shows, four plots have leverage values bigger than this cut­
off value, although there is no plot with a really very high 
leverage value. These plots were examined individually in 
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an effort to determine if these cases were different as 
result of some error and should be discarded, or they 
contain special information and as such they are valuable 
data points. Investigation revealed that one of the plots is 
plot number 44 with the unique characteristic of having 34 
broadleaf trees, out of a total of 51, as mentioned above. 
Two other plots (plot number 62 and 100) are the only plots 
that have very few trees (5 and 8 trees respectively), that 
are also very young, resulting in very low crown cover and 
having most of their reflectance contributed by the 
broadleaf understory. Finally, the fourth plot is plot 
number 3 which has the highest number of trees in the data 
set, all of them very small. The conclusion following these 
observations is that these four plots add valuable 
information to the data set and must be retained. 
The selection of elevation as an important predictor 
variable was expected. Its negative relationship with 
productivity was theoretically justified because at the 
latitude of the study area elevation affects significantly 
the number of frost-free days, thus limiting the growing 
season. On the other hand, slope and aspect did not 
correlate with productivity, although it is known that an 
aspect-slope combination is a critical factor in plant 
growth. This anomaly may be due to the fact that these 
plots were located so as to have relatively high 
productivity in spite of their aspect, to have relatively 
gentle slopes and to be in easily accessible areas next to 
roads or trails, since they were to be remeasured every five 
years. The lack of representation of a wide range of slopes 
and mainly a lack of plots with a variety of productivity 
levels in different slope-aspect combinations resulted in 
very poor correlation between productivity and slope-aspect. 
TM bands 1, 2 and 3 which contribute to the prediction 
of productivity all sense in the visible part of the 
electromagnetic spectrum. According to Lillesand and Kiefer 
(1987) band 1 which is designed primarily for water body 
penetration is also useful for soil/vegetation 
discrimination, forest type mapping and cultural feature 
identification. Band 2 is designed to measure the green 
reflectance peak of vegetation and is useful for vegetation 
discrimination and vigor assessment. Band 3 is designed to 
sense in a chlorophyll-absorption region, aiding in plant 
species identification. The selection of these bands is in 
agreement with their stated design objectives. Soil 
generally has higher reflectivity in bands 1,2 and 3 than 
vegetation. Thus, plots with high vegetation cover would be 
expected to have lower band 1, 2 and 3 values. Assuming 
that more vegetation would mean more productivity, the 
negative coefficient for band 1 agrees with this fact. The 
positive coefficient for band 2 indicates that this variable 
brings additional information to the equation in the 
opposite direction of band 1. It should be noted that the 
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Figure 5. Plot of productivity against VI32. 
correlation of band 2 to biomass and productivity was 
negative, and the coefficient of band 2 became positive only 
after the inclusion of band 1 in the equation. Finally, the 
normalized difference index VI32, as shown in Figure 5, had 
a positive correlation with productivity. Once again plot 
44 did not conform to the general trend. This index is 
based on two bands that are specifically sensitive to 
chlorophyll content and as such its inclusion in the 
prediction equation would be expected to help quantify 
vegetation vigor in the plots. 
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The derived productivity equation leaves a significant 
amount of variation unexplained. However, its adjusted R2 = 
0.410 is similar in magnitude to the values achieved by Cook 
et al. (1987a, 1987b) (R2 = 0.39 to 0.42) in their studies 
on hardwood vegetation in Illinois and New York. It should 
be noted that the horizontal or vertical arrangement of the 
leaves in the canopy determines the direction of the 
reflectivity (Plummer 1988). Conifers are mainly 
erectophile vegetation, so a greater amount of radiation is 
scattered by their canopy. More scattering means less 
direct reflectivity, so for conifers there is a weaker 
relationship between the amount of vegetation and 
reflectance values than for planophile vegetation. 
Some of the unexplained variation may be due to 
inaccuracies in the data. Considerable thought was given to 
the identification of probable sources of such problems. 
They generally fall in two categories. First,there are 
inaccuracies due to probable human errors in the actual 
measurements of tree DBH and especially height in Pierce's 
plots. Also, volume estimation errors (due to possible 
inaccuracies in the volume equations) may be included in 
this category. 
The second category of inaccuracies result from the 
very fine 30 m resolution used for this study. The lack of 
perfect one-to-one correspondence between image pixels and 
plots on the ground (parts of a plot can lie in up to four 
pixels) necessitated the use of a value for each band that 
was the average of the values of the nine closest pixels to 
the plot's position. Any variations in vegetation, or gaps 
in the areas next to the plot, could add noise to the data. 
Small possible errors in plot positioning (in spite of the 
care that was exercised) could further contribute to the 
inclusion of erroneous information in the data set. If only 
band values from the center of the nine pixels had been used 
the effect of even the smallest plot positioning error would 
be much greater. 
Gaps in the overstory vegetation can have a significant 
confounding effect on the information that can possibly be 
extracted from the satellite data. Canopy gaps can allow 
the sensor to sense bare soil, rock outcrops, grasses, 
needles, or broadleaf understory. The effects of this 
understory on the image can be very significant (Spanner et 
al., in press). If understory information was available it 
would permit improved productivity estimation. However, 
such information is not readily available for the whole 
forest and its use would defeat the objective of 
productivity mapping without visiting the site. 
The image acquisition date (July 18, 1984) was in the 
middle of a hot dry summer and thus trees were already under 
water stress. TM bands 5 and 7 have proven to have a strong 
negative correlation with the amount of moisture in green 
vegetation by other studies. If an image from the beginning 
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of the growing season had been used, there would be 
additional information about vegetation moisture that might 
help in the prediction of biomass and productivity. 
A final point must be made about plot number 44, which 
had a large number of quacking aspen trees. Although the 
proportional representation of just one such plot for all of 
Lubrecht forest is probably not unreasonable, its uniqueness 
made it appear more like an outlier than a plot adding 
valuable information to the data set. It would be desirable 
in future studies to include a number of plots with 
broadleaf vegetation so that stable trends in the data could 
be identified. 
FOREST PRODUCTIVITY MAP CREATION 
The final step required for the creation of the forest 
productivity map for LEF was the calculation of 
productivity. It was performed over the whole forest at a 
resolution of 30 X 30 m, based on equation 6. 
The geometrically and radiometrically corrected 
satellite image was exported from the ERDAS system and was 
imported into the PAMAP GIS. Each TM band became a separate 
raster cover in PAMAP's LEF map database. Then an ASCII 
flat file was created with the X and Y UTM coordinates for 
each pixel, as well as the corresponding band 1, 2 and 3, 
elevation, slope and aspect values. A Turbo Pascal computer 
program was written to perform the necessary corrections 
(haze removal and correction for topographic effects) for 
each band and to calculate the annual forest productivity 
for each pixel. The program's output was an ASCII flat 
file. This file, which included only X, Y and productivity 
values, was imported again into PAMAP as a new raster cover. 
The final step was the definition of a threshold table 
that separated productivity into classes and allowed the 
assignment of a separate color to each class. Five 
productivity classes were defined, following the work of 
Pfister et al. (1977). Two additional classes were defined 
for the very few pixels with a predicted productivity higher 
than the maximum values allowed by Pfister's classification, 
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and for the negative productivity values produced by the 
equation. The final classification scheme is: 
Negative productivity values were found to correspond 
to non forested areas such as grasslands, sagebrush 
(Artemisia spp) fields and rocky areas, as well as to man-
made features, such as roads and urban areas, indicating a 
very strong discrimination capability. Known areas of high 
productivity, such as riparian areas and valley bottoms, 
were identified successfully on the map. 
From the DISPLAYER module in PAMAP the "COLOR RASTER 
PLOT UTILITY" was used to generate a color hard copy map. 
The resulting map is displayed as Figure 1 in Appendix III. 
A second map, Figure 2 in Appendix III, shows the effect of 
filtering for noise removal, using a 3 X 3 pixel filter 
size. 
Productivity (m/Ha/year) Description 
<  0 . 0  non-productive areas 
low productivity 
moderate productivity 
high productivity 
very high productivity 
extreme productivity 
anomalies 
0.0 to 1.5 
I.5 to 3.5 
3.5 to b.0 
6.0 to 8.5 
8.5 to 11.5 
II.5 + 
CONCLUSION 
The equation developed for the estimation of 
productivity explained 41% of the variation in Y in the 
sample. In judging its predictive capabilities one should 
take into consideration the accuracy that alternative 
productivity prediction methods can achieve, as well as the 
practicality of applying such methods over large areas. 
A number of weaknesses were identified that were 
probably responsible for the amount of unexplained 
variation. The major weakness in the data set was lack of 
representation of the whole range of encountered 
productivity especially in relation to various steep slope -
aspect combinations. Future application of the methodology 
used in this study would greatly benefit if the data set for 
the creation of the predictive equation included data points 
of this type. 
Additional suggestions for future studies include 
selection of plots away from roads, rivers or water bodies 
that can affect the reflectivity values recorded by the 
sensors, and careful selection of the image acquisition date 
so that it will include as much of the desirable information 
as possible. If plots are to be established for 
productivity measurements they should be identified from the 
image in a way that they will represent as much of the 
observed image variation as possible. Location of each plot 
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should be selected within a homogeneous area in the image so 
that the pixels representing it will be surrounded by pixels 
of nearly identical values, removing any possible sources of 
noise. 
Finally, future applications should be expected to 
benefit greatly from advances and cost reductions in Global 
Positioning Systems (GPS) that at this time appear to be 
coming of age. Positioning of plots could become extremely 
accurate, which is a necessary condition for taking full 
advantage of the high resolutions offered by current and 
future satellite sensors. 
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Table 1. Total plot volume and annual plot increment for 
all plots. 
PLOT SPECIES TREE 
# 
TOTAL 
1970 
PLOT VOLUME 
(m ) 
| 1980 
ANNUAL PLOT 
(irf/ 
by species 
INCREMEN 
Ha) 
| overal 
3 LP 78 3.170 7.271 5.067 5.067 
4 LP 17 5.721 9 .664 4.872 5.267 
DP 2 0.309 0.628 0.395 
6 PP 4 5.458 6.450 1.226 2.803 
DF 5 5.040 6.316 1. 577 
10 PP 12 8 .788 10.751 2.426 3.372 
DF 17 3.096 3.862 0.946 
11 DF 10 3.461 4.520 1.308 3.812 
PP 28 8.670 10.706 2.504 
13 DF 5 1.533 1.965 0.534 3.055 
PP 11 11.933 13.974 2.521 
15 DF 4 0.382 0.777 0.488 1.045 
PP 1 0.262 0.713 0.557 
16 DF 1 0.065 0.117 0.065 5.423 
LP 31 12.315 16.036 4.598 
WL 3 0.843 1.163 0.395 
PP 5 0 . 885 1.181 0.365 
17 DF 2 0.059 0.186 0.158 4.347 
LP 41 6.501 9 .608 3.839 
WL 4 0.289 0.572 0.350 
18 PP 11 9.053 11.148 2.589 2. 589 
26 DF 25 6.522 6.911 0.480 0.833 
LP 1 0.000 0.000 0.000 
WL 23 8.728 9.014 0.353 
28 DF 6 3.875 5.403 1.888 2.198 
PP 1 0.084 0.335 0.310 
32 LP 67 7.256 12.069 5.405 5.405 
33 DF 18 4.289 5.763 1.656 6.209 
PP 21 4.972 7.549 2.894 
WL 7 7.119 8.596 1.659 
37 DF 15 4 . 442 5.468 1.152 3.087 
WL 14 3.802 5.525 1.935 
40 PP 42 6.146 8.350 2.475 2. 475 
41 DF 10 12.411 13.195 0.881 1.634 
PP 3 2.759 3.312 0.620 
WL 1 1.078 1.196 0.133 
43 DF 11 7.417 8.073 0.737 2.667 
LP 8 3.031 3.617 0.658 
WL 17 10.237 11.369 1.272 
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Table 1. Total plot volume and annual plot increment for 
all plots (cont.). 
PLOT SPECIES TREE 
ft 
TOTAL 
1970 
PLOT VOLUME 
(m ) 
| 1980 
ANNUAL PLOT 
(it?/ 
by species 
INCREMEN 
Ha) 
| overal 
44 DF 16 2.508 3.821 1.474 4.819 
PP 1 0.560 0.791 0.260 
QA 34 5.659 8.407 3.085 
45 DF 1 0.405 0.524 0.133 6.550 
PP 58 12.237 17.950 6.417 
46 DF 15 10.254 13.065 3.157 4.556 
PP 12 4.580 5.826 1.399 
47 DF 3 1.207 1.650 0.497 2.974 
PP 18 9.714 11.919 2 . 477 
48 DF 1 1.582 1.793 0.237 4.762 
PP 17 8.006 11.293 3.692 
WL 8 4.716 5.458 0.833 
51 DF 24 9.915 9 . 535 1.771 2.737 
LP 1 0.324 0.724 0. 494 
PP 2 0.197 0.299 0.126 
WL 1 1.815 2.095 0.346 
52 DF 15 3.447 5.104 2.047 2.047 
54 DF 1 0.059 0.161 0.126 3.524 
LP 10 2. 300 3.909 1.988 
PP 8 0.757 1.898 1.410 
56 DF 14 2.978 3.632 0 . 809 2.914 
PP 37 10.957 12.660 2.105 
57 DF 13 7.773 9.556 2.203 2.203 
58 PP 17 15.407 18.575 3.915 4.177 
XJ 7 0. 594 0.806 0.262 
59 PP 23 10.655 13.589 3.624 3.624 
60 DF 2 0.071 0.158 0.195 4.360 
PP 23 8.782 12.154 4.165 
62 PP 5 0.050 0.565 1.274 1.274 
64 DF 9 3.315 3.979 0.820 2.029 
PP 1 0.874 1.221 0.429 
WL 3 1.951 2.582 0.780 
65 DF 5 2.016 2.730 0.882 1.560 
PP 2 3.112 3.565 0.560 
WL 1 1.679 1.775 0.118 
66 PP 35 13.753 15.330 3.876 3.876 
69 PP 11 4.499 5.538 1.284 1.284 
70 DF 4 3.583 4.319 0.909 4.380 
PP 2 1.828 2. 422 0.734 
WL 12 11.177 13.393 2.737 
72 PP 10 0.147 0.644 0 .614 0.614 
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Table 1. Total plot volume and annual plot increment for 
all plots (cont. ) . 
PLOT SPECIES TREE 
# 
TOTAL PLOT VOLUME 
(m ) 
ANNUAL PLOT INCREMENT 
(ra/Ha) 
1970 | 1980 by species | overall 
78 DF 10 2 .560 3.075 0.587 2.335 
PP 11 2.277 3.692 1.748 
79 DF 17 3.943 2.377 0.950 1.645 
WL 6 3.128 3.691 0.695 
82 DF 16 3.953 5.191 1.529 2.446 
LP 7 0.945 1.453 0.628 
PP 3 0.466 0.700 0.289 
83 DF 16 6.336 7.346 1.247 1.586 
PP 6 6.015 6.289 0.339 
84 DF 16 3.483 4.545 1.313 3.216 
LP 1 0.000 0.000 0.000 
PP 13 6.167 7.543 1.700 
WL 3 1. 454 1.619 0.203 
86 DF 2 0.072 0.228 0.192 3.384 
LP 4 0.062 0. 338 0.342 
PP 12 1.350 2.776 1.762 
WL 4 0.943 1.823 1.088 
87 DF 4 0.357 0.779 0.522 4.134 
LP 1 0.000 0.086 0.106 
PP 14 2.872 5.560 3.321 
WL 2 0.179 0.328 0.185 
93 LP 14 1.179 2.816 2.022 4.220 
PP 27 0.354 2.134 2.198 
94 LP 5 0.000 0.251 0.310 1.600 
PP 19 0.000 1.044 1.290 
95 DF 23 9.466 11.877 2.979 3. 560 
PP 1 0.122 0.128 0.008 
WL 4 0.872 1.335 0.573 
97 DF 28 10.166 11.833 2.060 3.161 
PP 2 4.327 5.218 1.101 
98 DF 1 0.000 0.031 0.038 1.315 
PP 10 0.131 1.111 1.211 
WL 4 0.000 0.053 0.066 
99 DF 3 5.044 4.111 0.471 5.156 
LP 14 2.300 3.792 1.844 
PP 6 7.692 9.436 2.155 
WL 2 2.467 3.022 0.686 
100 LP 8 6.568 2.691 1.579 1.579 
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Table 2. Soil Series and corresponding Douglas-£ir site 
index for all plots. 
PLOT NUMBER SOIL SERIES DOUGLAS-FIR SITE INDEX 
3 Ovando 51 
4 Ovando 51 
6 Winkler 56 
10 Tevis 56 
11 Ambrant 45 
13 Crow 54 
15 Greenough 46 
16 Ovando 51 
17 Ovando 51 
18 Winkler 56 
26 Evaro 45 
28 Winkler 56 
32 Winkler 56 
33 Crow 54 
37 Tevis 56 
40 Winkler 56 
41 Winkler 56 
43 Evaro 45 
44 Tevis 56 
45 Greenough 46 
46 Crow 54 
47 Crow 54 
48 Crow 54 
51 Tevis 56 
52 Winkler 56 
54 Greenough 46 
56 Winkler 56 
57 Winkler 56 
58 Totelake 51 
59 Totelake 51 
60 Totelake 51 
62 Totelake 51 
64 Winkler 56 
65 Glaciercreek variant 54 
66 Totelake 51 
69 Totelake 51 
70 Tevis 56 
72 Winkler 56 
78 Greenough 46 
79 Winkler 56 
82 Winkler 56 
83 Glaciercreek variant 54 
84 Glaciercreek variant 54 
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Table 2. Soil Series and corresponding Douglas-fir site 
index for all plots (cont.). 
PLOT NUMBER SOIL SERIES DOUGLAS-FIR SITE INDEX 
86 Greenough 46 
87 Greenough 46 
93 Winkler 56 
94 Winkler 56 
95 Winkler 56 
97 Winkler 56 
98 Winkler 56 
99 Ambrant 45 
100 Ambrant 45 
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Table 3. Basal area and Crown Competition Factor (CCF) for 
all plots. 
PLOT NUMBER BASAL AREA CROWN COMPETITION 
m3 /Ha FACTOR 
3 13.9629 68.3885 
4 15.5466 60.6818 
6 18.7652 65.0776 
10 23.6890 92.5012 
11 25.8736 100.3269 
13 22.9289 77.9836 
15 3.1331 14.0440 
16 23.0885 93.8164 
17 17.6390 78.3093 
18 14.9878 48.5970 
26 27.4521 124.7054 
28 12.2788 47.5082 
32 21.1914 96.5248 
33 33.9411 134 . 7974 
37 17.7450 76.9618 
40 17.8624 67.3999 
41 24.9625 93.8783 
43 32.9401 131.4359 
44 23.9578 123.7219 
45 32.5696 120.7531 
46 27.7935 110.0937 
47 20.5044 71.0269 
48 28.0359 97.3157 
51 20.6839 92.9034 
52 10.8296 52.4856 
54 13.3347 50.8126 
56 30 . 4435 122.5608 
57 15.8379 68.5875 
58 32.0230 103.6918 
59 23.6153 80.2191 
60 22.8289 80.6174 
62 1.7798 6.8404 
64 12.7002 51.5524 
65 13 . 3976 48.4945 
66 27.6046 96.7372 
69 9.5434 32.5805 
70 27.2490 96.3228 
72 2.2073 9.0469 
78 13.0488 53.2271 
79 10.9855 52.1125 
82 14.0280 64.2673 
83 23 . 5226 91.5108 
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Table 3. Basal area and Crown Competition Factor (CCF) for 
all plots (cont.). 
PLOT NUMBER BASAL AREA CROWN COMPETITION 
m3 /Ha FACTOR 
8 4 24.4446 100.5387 
86 11.9351 45.9179 
87 14.7212 54.5262 
93 12.6683 52.1474 
94 5.2403 22.2004 
95 21.1377 92.9622 
97 27.8191 116.6376 
98 4 .2896 17.4852 
99 29.4336 102.0677 
100 5.2719 21.1861 
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72 
45° N. 
SOLAR ALTITUDE AND AZIMUTH 
350 WORTH m 
nation 
190 souiH +23' 27 
Approx. dates 
June 22 lay 21, July 24 
May 1, Aug:. 12 
Apr. 16, Aug. 28 
Apr. 3, Sept. 10 
Mar. 21, Sept. 23 
50° N. 
Mar. 8, Oct. 6 
Feb. 23, Oct. 20 
Feb. 9. Nov. 3 
Jan. 21. Nov. 22 
Dec. 22 
- 5* 
-10* 
-IS' 
-20* 
-23' 27' 
Complete data in Table 169. 
190 SOUTH '70 
Figure 1. Solar Altitude and Azimuth. From Table 170, 
Smithsonian Meteorological Tables (List 1951). 
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(********************** program CANOPY.PAS ************************) 
(* *) 
(* This program calculates the Crovn Competition Factor and tree *) 
(* Basal Area for Pierce's plots. The input files were produced *) 
(* by DBASE 111 +• from file PIERCE.DBF, and include only two *) 
(* variables: species and DBH measurements. *) 
(* The calculations are based on the documentation of the *) 
(* PROGNOSIS model pages 49 and 50 (Wykoff et al. 1982). *) 
(* *) 
(* Author : Maria Manasi *) 
(* Date : Sept. 21, 1989 *) 
(* Compiler: Turbo Pascal, Ver. 5.0 *) 
(******************************************************************) 
USES Dos,Crt,Printer; 
VAR 
infile:text; (* Input file containing species and DBH 
information for one of Pierce's plots *) 
infile_name:string[10 J; 
species:string(2]; 
dbh_str:string!5]; 
i,count,other,code:integer; 
ch:char; 
mccf,ba,dbh,mwl,radf,mlp,rapp,mxj,mqa,prob:real; 
function Power(base,exponent:real) :real; 
begin 
power:=exp(exponent*ln(base)) 
end; 
begin 
ClrScr; 
write('Enter input file name : '); 
readln(infile_name); 
assign(infile,infile_name); 
reset{infile); 
prob:=l/(l*0.2); (* prob=l/(N*A) where N=number of sample plots in 
the stand and A=area of a sample plot(acres) *) 
mccf:=0.0; ba:=0.0; mwl:=1.8182; mdf:=1.5571; 
mlp:=1.76; mpp:=1.768; mxj:=1.78; mqa:=1.78; 
count:=0; other:=0; 
while not eof(infile) do 
begin 
(* FILE READING SECTION *) 
species:='00'; 
dbhjstr: = '00000'; 
for i:=1 to 2 do 
read(infile,species!i]); 
for i:=l to 5 do 
begin 
read(infile,ch); 
if ch<>' ' then dbh_strti]:=ch; 
end; 
count:=eount+l; 
readln(infile); 
val(dbh_str,dbh,code); 
(* CALCULATIONS OF CROWN COMPETITION FACTOR (mccf) *) 
if dbhClO.O 
then 
begin 
if species='WL' 
then mccf:=mccf+(prob*0.00724*(power(dbh,mwl))); 
if species='DF' 
then mccf:=mccf+(prob*0.01730*(power(dbh,mdf))); 
if species='LP' 
then mccf:=mccf+(prob*0.00919*(power(dbh,mlp))); 
if species='PP' 
then mccf:=mccf+(prob*0.00781*(power(dbh,mpp))); 
if species='XJ' 
then mccf:=mccf+(prob*0.00892*(power(dbh,mxj))); 
if (species='QA') or (species='HX') 
then mccf:=mccf+(prob*0.00892*(power(dbh,mqa))); 
end 
else 
begin 
if species='WL' 
then mccf:=mccf+(prob*(0.02+(0.0148*dbh)+(dbh*dbh*0.00338)) 
if species='DF' 
then mccf:=mcc£+(prob*(0.11+(0.0338*dbh)+(dbh*dbh*0.00259)) 
if species='LP' 
then mccf:=mccf+(prob*(0.02+(0.0168*dbh) + (dbh*dbh*0.00325)) 
if species='PP' 
then mccf:=mccf+(prob*(0.03+(0.0180*dbh) +(dbh*dbh*0.00281)) 
if species='XJ' 
then mccf:=mccf+(prob*(0.03+(0.0238*dbh)+(dbh*dbh*0.00490)) 
if (species='QA') or (species='HX') 
then mccf:=mccf+(prob*(0.03 +(0.0238*dbh) +(dbh*dbh*0.00490)) 
end; 
(* NOTE: The equation for western redcedar is used for the 
calculation of the crown competition factor for XJ (Juniper), 
QA (Quacking Aspen) and HX (other hardwoods) because equations 
for these species are not available. Only two plots include 
a few trees of these species *) 
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if (speciesO'WL') and (speciesO 'DF') and (speciesO'LP') 
and (speciesO'PP') then other:=other+l; 
ba:=ba+(dbh*dbh*0.0005064506); (* basal area in sq. meters when 
dbh is given in inches *) 
end; (* while *) 
ba:=(ba*prob)/0.4047;(* conversion of basal area to sq.m/ha *) 
(************************** OUTPUT SECTION *************************) 
writeln; 
writeln('• ••); 
' ,mccf :9:4); 
*,ba:9:4); 
',count:4); 
',other:4); 
writeln('CROWN COMPETITION FACTOR 
writeln('BASAL AREA (square meters per hectare) 
writeln('NUMBER OF TREES IN THE PLOT (0.2 acre) 
writeIn('TREES OTHER THAN WL,DF,LP AND PP IN THE PLOT 
writeln; 
write('Processing complete. Do you want printed output (Y/N) ? : '); 
readln(ch); 
if (ch='Y') or (ch='y') (* Send output to the printer *) 
then 
begin 
writeln(1st); 
writeln(lst,' 
write(1st,'STATISTICS FOR PIERCE PLOT No. '); 
write(1st,infile_namel5]); 
if infile_name{6]<>'.' then write(1st,infile_namel61); 
writeln(lst); 
vriteln(1st,1 
write In(1st,'CROWN COMPETITION FACTOR 
writeln(1st,'BASAL AREA (square meters per hectare) 
writeln(1st,'TOTAL NUMBER OF TREES IN THE PLOT (0.2 acre) 
writeln(1st,'TREES OTHER THAN WL,DF,LP AND PP IN THE PLOT 
vriteln(1st,' 
end; (* if *) 
'); 
, ) ;  
',mccf:9:4); 
',ba:9:4); 
',count:4); 
',other:4); 
,); 
end. 
close(infile); 
(* program 'canopy.pas' *) 
Figure 2. Pascal program calculating Crown Competition 
Factor. 
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CALIFORNIA BLACK OAK 
(Quercus Kelloggii) 
r N 51.14 
/ G R E E N  L E A F  \  
I (FRONT) \ 
WAVELENGTH (microns) 
LU 
CJ 
2 
< 
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BARK 
0.7 1.0 2.2 0.4 1.3 
WAVELENGTH (microns) 
Figure 3. Visible-Near Infrared Reflectance Spectra of green 
leaf (front) and Bark from California Black Oak 
(Quercus Kelloggii). Adapted from Elvidge (1987). 
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Table 1. Coefficients for computing the contribution of 
each tree record to the stand estimate of crown 
competition factor (CCF) from tree diameter (DBH). 
(from Wykoff, et. al 1982). 
MODEL COEEFICIENTS 
DBH < 10 inches DBH >= 10 inches 
SPECIES bo bl a 0 al a2 
Western white pine 0, .00988 1, .6667 0, .03 0 .0167 0 .00230 
Western larch 0. 00724 1. 8182 0. 02 0. 0148 0. 00338 
Douglas-fir 0. 01730 1. 5571 0. 11 0. 0333 0. 00259 
Grand fir 0. 01525 1. 7333 0. 04 0. 0270 0. 00405 
Western hemlock 0. 01111 1. 7250 0. 03 0 . 0215 0. 00363 
Western redcedar 0. 00892 1. 7800 0. 03 0. 0238 0. 00490 
Lodgepole pine 0. 00919 1. 7600 0. 02 0. 0168 0. 00325 
Engelmann spruce 0. 00788 1. 7360 0. 03 0. 0173 0. 00259 
Subalpine fir 0. 01140 1. 7560 0. 03 0. 0216 0. 00405 
Ponderosa pine 0. 00781 1. 7680 0. 03 0. 0180 0. 00281 
Mountain hemlock 0. 01111 1. 7250 0. 03 0. 0215 0 . 00363 
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7 9  
NON FORESTED AREAS & 
MAN MADE FEATURES 
LOW PRODUCTIVITY (0.0 - 1.5 m V H a / y e a r )  
3 MODERATE PRODUCTIVITY (15 - 3.5 mJ/Ha/year) 
HIGH PRODUCTIVITY (3.5 - 6.0 m V H a / y e a r )  
VERY HIGH PODUCTIVITY (6.0 - 8.5 m3/Ha/year) 
Figure 1 Forest productivity map for Lubrecht Experimental 
Forest 
NON FORESTED AREAS & 
HAN MADE FEATURES 
11111111 M' I MI . 
LOW PRODUCTIVITY (0.0 - 1.5 m3/Ha/year) 
MODERATE PRODUCTIVITY (1.5 - 3.5 m3/Ha/year) 
HIGH PRODUCTIVITY (3.5 - 6.0 m3/Ha/year) 
2 Forest productivity map for Lubrecht Experimental 
Forest, using 3X3 pixel filtering for noise 
removal. 
